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Thermal and thermodynamic stability of DNA plays an important role in many biological processes. In addition, agents of biological significance which modify DNA may also affect its thermal and thermodynamic stability, which may be associated with the mechanism underlying biological activity of such agents. Thus, the studies of thermal and thermodynamic stability of DNA modified by various agents are of great interest.
It is well established that platinum coordination complexes exhibit antitumor effects (1) (2) (3) (4) . The success of platinum complexes in killing tumor cells results from their ability to form on DNA various types of covalent adducts which are capable of terminating DNA synthesis (5, 6 ) and the cellular processes triggered by the presence of those adducts on DNA (7) . The first platinum complex introduced in the clinic is cis-diamminedichloroplatinum(II) (cisplatin) 1 (1) . Although the antitumor effects of cisplatin were discovered more than thirty years ago the mechanism of its antitumor activity has not been yet fully understood. It has been shown (8,9) that this bifunctional platinum complex forms on DNA mainly intrastrand cross-links between neighboring purine residues (~90 %). Other minor adducts are intrastrand cross-links between two purine nucleotides separated by one or more nucleotides and few adducts remain monofunctional. Importantly, cisplatin also forms interstrand cross-links [~6 % in cell-free media in linearized plasmid DNA (10, 11) ]. Transplatin (trans isomer of cisplatin) is clinically ineffective so that both isomers have been frequently used in the studies of structure-pharmacological activity relationship of platinum complexes. Transplatin-DNA adducts are also intrastrand cross-links, but between nonadjacent nucleotides (12) . Transplatin also forms in DNA interstrand cross-links [~12 % (10) ] and a relatively large portion of adducts remains monofunctional even after long periods of DNA modification (13) .
It has been postulated (6, 14) that antitumor properties of cisplatin are mediated by damaged-DNA binding proteins [for instance by those containing high mobility group (HMG) domain]. It has been also shown (15) that the recognition of adducts formed on DNA by platinum complexes is dependent on the extent of thermal or thermodynamic destabilization imposed on the duplex by the adduct. The increase of the thermodynamic destabilization results in the reduced recognition and binding of HMG domain proteins to platinated DNA. In addition, thermal stability of DNA modified by various platinum compounds which differ in the antitumor effects has been also studied. These studies have by guest on http://www.jbc.org/ Downloaded from 5 stoichiometries for both complexes, a ratio consistent with duplex formation. Dimethyl sulfate (DMS) was from Sigma.
Platinations of oligonucleotides-The single-stranded oligonucleotide d(TGCT) (the top strand in Fig. 1 ) at a concentration of 125 µM was reacted with monoaquamonochloro derivative of cisplatin or transplatin generated by allowing these complexes to react with 0.9 molar equivalent of AgNO 3 at an input platinum to strand molar ratio of 3 : 1 or 3.9 : 1, respectively, in 10 mM NaClO 4 (pH 5.2) at 37 °C. The mixture with cisplatin was incubated for 13 min whereas that with transplatin for 15 min.
Then the NaCl concentration was adjusted to 0.1 M, and the platinated oligonucleotides were again purified by fast protein liquid chromatography (FPLC). It was verified by platinum flameless atomic absorption spectrophotometry (FAAS) and by the measurements of the optical density that the modified oligonucleotide contained one platinum atom. It was also verified using DMS footprinting of platinum on DNA (10) that in the platinated top strands the N7 position of the central G was not accessible for reaction with DMS, which implies that this G residue was platinated. The platinated strands were allowed to anneal with unplatinated complementary strand d(AGCA) in 0.4 M NaCl (pH 7.4) at 25 °C for 24 h, precipitated by ethanol, dissolved in 0.1 M NaClO 4 and incubated for 48 h in the dark at 37 °C. The resulting products were still purified by FPLC in an alkaline gradient. Using this denaturing gradient, non-interstrand cross-linked strands were eluted as 20-nucleotide single strands, whereas the interstrand cross-linked strands were eluted later in a single peak as a higher-molecularmass species. This single peak was only collected so that the samples of the interstrand cross-linked duplexes contained no single-stranded molecules. Alternatively, the duplexes containing the interstrand cross-links were separated on 12 % polyacrylamide/8 M urea denaturing gel, the single bands corresponding to interstrand cross-linked duplexes were cut off from the gel, eluted, precipitated by ethanol and dissolved in the solution consisting of 10 mM sodium cacodylate (pH 7.2), 100 mM NaCl, 10 mM MgCl 2 and 0.1 mM EDTA. Both procedures of the purification of interstrand crosslinked duplexes provided the products whose subsequent analysis (vide infra) gave identical results.
The yields of these interstrand cross-linking reactions were approximately 15 and 30 % for cisplatin and transplatin, respectively. The duplexes were still further analyzed for platinum content by FAAS. 
The oligonucleotide duplexes at the concentration of 10 µM were dialyzed against the buffer containing 10 mM sodium cacodylate (pH 7.2), 100 mM NaCl, 10 mM MgCl 2 and 0.1 mM EDTA.
The samples were vacuum-degassed before the measurement. It was also verified in the same way as described in the previous paper (21) that the melting transition of both the platinated and nonmodified duplexes were fully reversible.
UV absorption spectrophotometry-UV absorbance measurements were conducted on a Beckman DU-7400 spectrophotometer equipped with a thermoelectrically controlled cell holder and quartz cells Circular dichroism spectrophotometry-CD spectra were recorded using Jasco J-720 spectropolarimeter equipped with a thermoelectrically controlled cell holder. The cell pathlength was 1 cm. Isothermal CD spectra were recorded from 220 to 320 nm in 1-nm increments with an averaging time of 5 s. The DNA concentration was 6 µM in duplex and buffer conditions were 10 mM sodium cacoldylate (pH 7.2), 100 mM NaCl, 10 mM MgCl 2 , and 0.1 mM EDTA.
RESULTS
Differential scanning calorimetry measurements were conducted to characterize the thermallyinduced denaturation of 20-bp duplex with the specific goal of elucidating the thermal and thermodynamic consequences of modifying and constraining DNA via single, site-specific interstrand cross-link of antitumor cisplatin or its clinically ineffective trans isomer (Fig. 1) . The cross-links were formed in the center of these duplexes between the nucleotide residues preferentially involved in these adducts when high-molecular-mass DNA is globally modified by cisplatin or transplatin, i.e. between guanine residues in neighboring base pairs in the sequence 5'-GC/5'-GC in the case of cisplatin crosslink (30) or between guanine and complementary cytosine of the same duplex in the case of the crosslink formed by transplatin (10). The results of these studies are shown in Fig. 2 , with the associated data listed in Table 1 . Denaturation (heating) and renaturation (cooling) curves for the nonmodified and the platinated duplex were superimposable, which is consistent with the reversibility of this melting equilibrium. Thus, meaningful thermodynamic data from our calorimetric and spectrophotometric measurements described below could be obtained. In addition, the pre-and postbaselines coincide for both nonmodified and platinated duplexes, which suggests no differential heat The unconstrained (unplatinated) duplex denatures in a bimolecular reaction to form two single strands. As a consequence, melting of the unplatinated duplex was dependent on the overall oligonucleotide concentration. For instance, increasing the duplex concentration from 0.2 to 10.0 µM increased T m of the unplatinated duplex from 61.5 to 68.8 °C. In contrast, the duplexes containing the interstrand cross-link of cisplatin or transplatin melted in a concentration independent manner to a single-stranded state, which is consistent with the expectation that the molecularity has been reduced from bimolecular to monomolecular. Thus, the observed ∆T m differences could also result from the change in molecularity. In order to support this assumption, we performed "correction" for the concentration dependence of the T m in the bimolecular unplatinated duplex following the general procedure outlined by Marky and Breslauer (31) . Using this approach and our calorimetrically determined enthalpy (Table 1) , we estimated a reduced concentration independent T m of our unplatinated duplex as 88.1 °C. This "reduced" T m value of the unplatinated duplex is significantly different from the T m values of the cross-linked duplexes. Hence, the overall impact of the single interstrand cross-link of cisplatin or transplatin should not be only associated with the change in molecularity of the duplex system so that another mechanism affecting the thermal stability of the duplex has to be also involved (32) .
The transition entropy for a bimolecular complex depends on strand concentration as well. In order to eliminate the effect of different molecularities of the unplatinated and interstrand cross-linked oligomer systems, we have also performed a correction for this concentration dependence using again the general procedure outlined by Marky and Breslauer (31) to calculate a reduced entropy (∆S*) ( and reduced entropy (∆S*) values for unplatinated duplex with those measured for the duplex containing the interstrand cross-link of cisplatin reveals a significant decrease of the change of enthalpy of duplex formation by 18 kcal/mol and an increase in the reduced duplex entropy (∆∆S* = 9 37 cal/K.mol so that T∆∆S* = 11 kcal/mol at 25 °C). In other words, the structural perturbation due to the interstrand cross-link of cisplatin increases entropy of the duplex and in this way entropically stabilizes the duplex. Thus, the 18 kcal/mol enthalpic destabilization of the duplex due to the crosslink of cisplatin is partially, but not completely compensated by the entropic cross-link induced stabilization of the duplex of 11 kcal/mol at 25 °C. The net result of these enthalpic and entropic effects is that the structural perturbation due to formation of the interstrand cross-link by cisplatin induces a decrease in duplex thermodynamic stability (∆∆G 25 *) of +7.0 kcal/mol with this destabilization being enthalpic in origin.
By contrast, cross-link formed by transplatin practically does not alter the enthalpic stability of the duplex, while entropically destabilizing the host duplex by 15 cal/K.mol (∆∆S* = -15 cal/K.mol so that T∆∆S* = -4.5 kcal/mol at 25 °C). In other words, the interstrand cross-link of transplatin is enthalpically neutral with the cross-link-induced destabilization being entirely entropic in origin.
These results illustrate that the isomerization of the diamminedichloroplatinum(II) can modulate the magnitude of the destabilization induced by the interstrand cross-link, as well as the relative enthalpic and entropic contributions to this destabilization. The net result of the enthalpic and entropic effects noted above is that formation of the interstrand cross-link by transplatin at 25 °C reduces the thermodynamic stability (∆G 25 *) of the duplex by 6.5 kcal/mol. Thus, formation of the interstrand cross-links of cisplatin and transplatin has almost identical impact on the reduction in thermodynamic stability of the duplex (∆G 25 *), although the origins of these destabilizations (∆H, ∆S*) are different.
From a comparison of the model dependent van't Hoff and the model independent calorimetric transition enthalpies, it is possible in principle to conclude whether a transition occurs in a two-state (all-or-none) manner with no significant thermodynamic contribution from intermediate states (33, 34) . (Table 2 ).
This disparity demonstrates that both interstrand cross-links alter the ability of the duplex to propagate those interactions required for cooperative melting and that the efficiency of the cross-links of cisplatin and transplatin to alter this ability is different.
The interpretation of our data described below is also based on the assumption that all thermodynamic parameters for formation of the nonmodified and platinated duplexes are ascribed to From the ratio of the model dependent van't Hoff and the model independent calorimetric transition enthalpies (Table 2) , one can define the fraction of a duplex that undergoes transition as a single thermodynamic unity (31, 33, 34) . Thus, for the duplex containing interstrand cross-link of cisplatin this ratio is 0.74. This value indicates that the largest size of the unit in the host duplex, which melts in the all-or-none manner, should involve 74 % of the duplex. We speculate that this value reflects existence of a severe local distortion of the duplex at the central cross-link of cisplatin (23, 35, 36, 38) and that the base pairs in this distorted segment melt cooperatively and more easily than 
